Abstract-This paper introduces a novel AFM deposition method. In contrast to traditional method, the method in this paper has two differences. Firstly in our method AFM works in contact mode. AFM tip presses on substrate slightly in contact mode and it does not need to control AFM tip-substrate separation precisely, which makes AFM deposition easy to carry out. Secondly current is applied to AFM tip to induce deposition instead of voltage. By applying current, uniform nanodots can be fabricated repeatedly. Furthermore, nanolines can be fabricated directly in a single action with the method. The method is potential to be used for soldering nanowires or fabricating nanostructures.
INTRODUCTION
Atomic force microscope (AFM) Deposition is a promising method for nanoscale manipulation. It has potential applications in nanosoldering [1, 2] and nanostructure fabricating [3] . Thus AFM Deposition has drawn great interest. In 1993 Hosaka demonstrated that when a bias was applied to an Au-coated tip, the Au coating could be evaporated from the tip and deposited onto the substrate [4] ; Using the field assisted depostion method, Callejia fabricated gold nanowires on a thin insulating substrates [5] in 2001; in 2003, Park fabricated nanostructures on Au films using a noncontact mode AFM [6] ; in 2005, Pumarol investigated controllable deposition of Nano dots using noncontact AFM [3] . As for the principle of AFM deposition, field emission theory can be used to explain AFM deposition properly [7] [8] [9] [10] . The principle diagram of AFM deposition is shown as fig1. A conductive tip hangs over a substrate and a voltage is applied to the tip. Under the action of high electric field, atoms on the tip are emitted to substrate. Both STM [11] and AFM [12] can be used for deposition fabrication. From some aspects, AFM has advantages over STM. For example, AFM can be used on both conductive substrates and insulating substrates, instead STM can only be used on conductive substrates. However AFM deposition is subject to disturbance of tip-substrate separation, because AFM probe tip is mounted on an elastic slender cantilever. Electric field between AFM tip and substrate, which contributes most to deposition, is allergic to tip-substrate distance, so the work to maintain tip-substrate separation steady is a necessary process during AFM deposition. In 2005 Pumarol took advantage of long range electrostatic force to control tip-substrate distance by applying an extra bias to substrate and realized controllable deposition [3] . In 2008 Hamada developed an extra system to control the tip-substrate distance and accomplished deposition of certain patterns [13] . In this paper, tip-substrate separation control can be omitted because we use contact mode AFM to carry out deposition. Thus AFM deposition process is simplified. However there is a possibility to form short circuit in contact mode because AFM tip touches substrate in contact mode. So we first proves that deposition with contact mode AFM is feasible on condition that the press force between tip and substrate is properly slight, and then work out a way to avoid damage when short circuits occur by applying current to AFM tip instead of voltage. Experimental results show that the method in this paper is useful and convenient.
II. CONTACT MODE DEPOSITION
When AFM works in contact mode, AFM tip presses on the substrate. The press force can be adjusted by deflection setpoint parameter. In contact mode, tip-substrate separation disturbance is not a problem anymore, because the tip-substrate distance always keep zero. However, an incurred problem comes up as the tip contact the substrate. According to field emission theory, a huge electric field is required to induce deposition, so a strong dielectric strength is needed between the tip and the substrate for the electric field to establish. In contact mode, whether there exist enough dielectric strength is a question to confirm before contact mode can be used for deposition. To confirm the dielectric strength, we carried out an experiment to measure the I-V curves by applying a sweep of voltage to the tip in contact mode. We choose three positions to measure I-V curves on Au substrate. The three positions are D1, D2 and D3 respectively. The AFM probe used in this experiment has a force constant of 0.15N/m. When the deflection setpoint is 0.05, the measuring results are as shown in fig2. Voltage sweeps from 0V to 20V by a step of 100mV. Fig2a-c are the I-V curves measured on positions D1, D2 and D3 respectively. From fig2a-c, when voltage is as big as 20V, the current is only about 10nA. That means the contact resistance between the tip and the substrate is as huge as 2G . After measurements, there are three nanodots deposited on position D1, D2 and D3, as shown in fig2d. Fig2e shows that the heights of the three dots are from 3nm to 5nm. The experiment proves that there is a big contact resistance between AFM tip and substrate and the dielectric strength is big enough for deposition when the tip-substrate force is properly slight. Conclusively deposition in contact mode is feasible.
III. CURRENT-INDUCED DEPOSITION
If tip-substrate force grows, contact resistance will reduce correspondingly. Thus depositing current will grow dramatically. So there should be joule heating during deposition. Joule heating can lead to temperature rise. Proper temperature rise is beneficial for deposition. Temperature rise makes the atoms on the tip more active, thus field emission is easier to be accomplished. However excessive temperature may melt the metal coated on AFM tip and substrate. To verify whether the temperature has impact on AFM deposition, the tip temperature during deposition is investigated. This paper uses a finite element method to simulate the tip temperature. In the simulation, the tip curvature radius is 50nm, and cone angle of the tip is 30 degree. The core of the tip is silicon and the tip is coated with 50nm-thick gold. The substrate is simplified to a 200nm-thick Au plate with radius of 1000nm. The ambient temperature is set as 293.15 K. All the boundary condition is considered to be natural convective cooling. As to the contact area between the tip and the substrate, we consider the tip press in the substrate by 1nm. When 10nA current flows throw the (a) Stationary temperature simulation when applied current is 10nA. AFM tip temperature only rise 0.09K; (b) Relationship between tip temperature and process current during deposition. If deposition current grows over 2700nA, AFM tip may be burn down. thin metal layer coated on the tip, the tip temperature rise to 293.24K, 0.09K higher than the ambient temperature. Theoretically tip temperature is related to current. Fig3 (b) present the relationship between tip temperature and current. Only when current rises over 2700nA, the temperature will reach high enough that the metallic layer coated on tip may melt. But when current is lower than 500nA there is no significant temperature rise, which means the temperature has no impact in this case.
In experiments, we find that the contact resistance between tip and substrate is related to press force between tip and substrate. When the press force is improperly big, the contact resistance will reduce dramatically, which will cause a short circuit and the short circuit current can grow up to more than 3 A. In this case, electric field declines hugely, field emission loses the basic condition to function. Meanwhile short circuit current induces great joule heating. But according to the deposition experiments in fig2, during AFM deposition the current usually below 50nA, so the impact of temperature can be neglected. By controlling the applied current, nanodots can be fabricated and their size can be easily controlled.
IV. EXPERIMENTAL ANALYSIS
Our AFM is a commercial AFM Dimension 3100 from Buker Company. The AFM probe used in experiments has force constant about 0.15N/m, cantilever length is about 460 m, and tip height is about 25 m. The probe is coated with Au in an ion sputtering instrument by 3 minutes. After sputtering, the radius of curvature of the tip is about 50nm. Current pulse is supplied by a KEITHLEY 2410 source meter. The duration of the current is 500ms and the amplitude is 10nA. The operating procedure is simple. After scanning the substrate surface to get a picture of the depositing area, move AFM tip to depositing spot and set deflection setpoint to a small value, turn off feedback, then turn on the source meter to apply the presetting current to AFM tip. First we deposit on Si substrate which is covered by a thin silica film of thickness about 3nm. Fig4 shows a five by five dot matrix deposited on Si substrate with the method in this paper. All the dots in fig4 are deposited continuously without interruption. Then deposition on Au is carried out. Fig5 shows two patterns deposited by our method on Au electrode which is located on Si underlay. The pattern on left is formed by 17 nanodots and the right one is formed by 42 nanotdots. Also the 59 nanodots is deposited continuously like dot matrix on fig4. Fig5 (b) is SEM picture of the nanopatterns. Both the experiments on Si and Au accomplished good repeatability, which proves the method in this paper is effective.
Besides nanodots, our method can be used to fabricate nanolines. Pumarol et al fabricated nanoline by depositing a line of nanodots [3] . With our method, nanolines can be fabricated directly in a single action. First plan a route and locate the AFM tip to the start end. Engage the tip to approach the substrate until the tip touch the substrate slightly. Then control the tip to walk through the route slowly. Meanwhile apply a current of 10nA to the tip continuously until the tip reaches the stop end. The speed of the tip must be slow enough. If the tip walks too fast, there will be no nanoline or a broken line. Fig6 shows two nanolines fabricated with our method. The right line is 1.5 m long and is fabricated at tip velocity of 10nm/s. the left one is 2.5 m long and is fabricated at tip velocity of 20nm/s. Apparently the right line is higher than the left one. Primary experimental result shows that our method can be used to fabricate nanolines conveniently and the size of the deposited lines can be controlled by tip velocity.
V. CONCLUSION In this paper we introduce a novel deposition method based on contact mode AFM. Firstly contact mode AFM is used to simplify process of deposition. In contact mode, AFM tip presses on substrate. Thus tip-substrate distance has no effect on deposition. Secondly current is applied instead of voltage to induce deposition in case of overwhelming current. By measuring the contact resistance between the tip and the substrate in contact mode, we find that there still exist strong dielectric strength between the tip and substrate when the press force between tip and substrate is properly slight. Thus field Five by five dot matrix deposited on Si substrate. The Si substrate is covered by about 3nm thick silica film. The 25 nanodots are deposited continuously without interruption. Conclusively this experiment has good repeatability. emission theory is still suitable for our method. In currentinduced deposition, depositing current is limited under a safe value, usually dozens of nano Ampere to avoid the possible temperature impact. In experiments, nanodot patterns are fabricated to testify repeatability of our method. By depositing continuously 59 times, 59 nanodots are derived. Conclusively, our method can lead to good repeatability. Furthermore, nanoline deposition is carried out with our method. Unlike forming nanolines by depositing a serious of nanodots, nanolines are fabricated directly in a single action in this paper. The new deposition method can be used to fabricate nanostructures as template for growth of nanomaterial and to soldering nanowires with the deposited dots for nanodevice. Deposited nanolines. The right line is 1.5 m long and the left one is 2.5 m. The left line is apparently smaller than the right one because the tip moving velocity is twice bigger than that during depositions. Primary experiment shows the size of deposited nanoline is related to the tip velocity. With our method, nanolines can be deposited continuously in a single action.
